A previous study by our group showed that regular exercise training (ET) 34 attenuated pulmonary injury in an experimental model of chronic exposure to 35 cigarette smoke (CS) in mice, but the time-course effects of the mechanisms 36 involved in this protection remain poorly understood. We evaluated the temporal 37 effects of regular ET in an experimental model of chronic CS exposure. 38
INTRODUCTION 67
Regular aerobic exercise plays a protective role in the pathogenesis of several 68 lung diseases, such as asthma (22, 47) , pulmonary infection (29), air pollution 69 exposure (47) and cigarette smoke (CS)-induced chronic obstructive pulmonary 70 disease (COPD)(25, 45). Garcia-Aymerich et al. (2007) showed that moderate or 71 high levels of regular physical activity reduce the risk of developing COPD in 72 active smokers (15) . We and others have also demonstrated that moderate 73 aerobic exercise performed regularly attenuates smoking-induced airway 74 inflammation, changes in pulmonary mechanics, and oxidative damage and 75 protects mice from emphysema (25, 45) . 76
The innate and adaptive inflammatory immune responses are the primary host 77 defence mechanisms of the lungs against exposure to thousands of reactive 78 chemicals and particles and trillions of free radicals contained in cigarette smoke 79 (6) . Macrophages, which are activated by oxidants present in CS, secrete 80 inflammatory cytokines such as TNF-α and IL-6, attracting neutrophils and cells 81 from acquired immunity (51). The adaptive immune response is dependent on 82 lymphocytes following tissue injury, suggesting that these inflammatory cells are 83 responsible for lung injury caused by cigarette smoke (8). Oxidative stress also 84 induces the generation of cytokines, stress response gene expression and 85 production of antioxidative enzymes such as MnSOD and thioredoxin (50). 86
Exercise exerts anti-inflammatory and anti-oxidant effects in part mediated by 87 myokines such as IL-6 and IL-10 released during muscle fibers contraction (19) . 88
We hypothesized that the protection against the emphysema development 89 treadmill training + exposed to CS). In all experiments, the Declaration of Helsinki 106 was followed for the use and care of the animals. The protocol was approved by 107 the Ethical Committee of the University of Sao Paulo (CAPpesq/025/10). Animals 108 were submitted to exercise training/testing and cigarette smoke exposure as 109 previously described (12, 47) . The experiments were repeated three times using 110 10 animals per group in each set. These animals were divided among 111 morphological, functional and molecular analyses. 112 6 twelve weeks. Mice were trained at 50% of maximal speed (moderate intensity) 115 reached in the maximal aerobic capacity testing and 25% inclination (45, 47) . 116 Maximal aerobic capacity testing was performed with five minutes warm-up (0.2 117 km/h) followed by an increase in treadmill speed (0.1 km/h every 2.5 min) until 118 animal exhaustion, as described previously (47). Daily exercise sessions were 119 performed with four hours in between. After the second session of exercise mice 120 remained resting for at least 60 minutes before exposure to cigarette smoke. The 121 aerobic capacity test was repeated at four, eight and 12 weeks after the beginning 122 of the exposure to either cigarette smoke or room air. 123
Cigarette smoke exposure. Twenty-four commercially filtered cigarettes per day 124 were used in this study (10 mg tar, 0.8 mg nicotine and 10 mg CO per cigarette). 125 CS exposure occurred 30 minutes/session/day, twice a day, 5 days/week for four, 126 eight or 12 weeks by using a custom-made smoking machine (45). 127
Twenty-four hours after the end of the exposure/training protocols animals from 128 each group (n=24/group) were divided into three groups of eight animals per group 129 to avoid interference in the following measurements: pulmonary mechanics and 130 7 mg/kg intraperitoneal). The respiratory system input impedance (Zrs) was 139 measured by applying 16 s of oscillatory airflow perturbation (frequencies from 140 0.25 to 9.125 Hz), with the exhalation valve kept closed. The pressure values were 141 generated, and the impedance was calculated as a function of different 142 frequencies produced. To calculate the respiratory mechanics parameters of 143 airway resistance (Raw), tissue damping (Gtis) and tissue elastance (Htis) from 144
Zrs data, we used the constant phase model described by Hantos Glutathione assay. The levels of total glutathione GST (GSH-GSSG) were 204 determined by titration with 5,5'-dithiobis-(2-nitrobenzoic acid), evidenced by a 205 yellow colour formation. Oxidised glutathione (GSSG) was measured in the same 206 manner in the supernatant that was previously incubated with 4-vinylpyridinefor 60 207 min at room temperature, according to the method described previously. 208 Supernatant volumes were adjusted for the assay to contain 50 mg tissue/mL 209 KH 2 PO 4 .The results are expressed in micromoles per milligram of protein (14). 210
The GSH/GSSG ratio was also calculated to establish the level of oxidative stress 211 that influenced the glutathione system. Figure  248 2A). There were no significant differences in Raw values among the groups after 249 eight or 12 weeks. After 12 weeks physical conditioning protected the animals 250 exposed to CS against the decline in tissue damping (Gtis) and tissue elastance 251 (Htis) (P<0.01, Figure 2B and P<0.001, Figure2C, respectively) . 252 BAL cellular profile. The total number of inflammatory cells in the BAL increased 253 after eight and 12 weeks in mice exposed to CS compared to the other groups 254 ( Figure 3A; P<0.001 ). This increase was due to the recruitment of macrophages, 255 neutrophils and lymphocytes. Macrophages increased after four, eight and 12 256 weeks in mice exposed to CS ( Figure 3B found in the BAL of mice exposed to CS, and after 12 weeks of exercise training, 265 fewer lymphocytes and neutrophils were found in mice exposed to CS. Figure 5C ). There was an increase of TNF-α levels in the 277 skeletal muscle of mice exposed to CS after eight and 12 weeks ( Figure 5D In response to four weeks of CS exposure, we observed an infiltration of 307 macrophages and an increase in airway resistance before the exercise 308 conditioning (adaptation) phase. In this period, exercise was not able to reduce the 309 alterations induced by CS exposure. After establishing consistent aerobic 310 conditioning by 8 weeks of exercise, the numbers of inflammatory cells in the BAL, 311 including macrophages, neutrophils and lymphocytes, were reduced. However, the 312 most evident effect of exercise was observed after 12 weeks: exercise increased 313 IL-6, IL-10, total GSH and SOD activity and decreased pulmonary inflammation 314 and TNF-α in mice exposed to CS. In addition, exercise inhibited the 315 establishment of COPD and improved lung mechanics by decreasing lung 316 elastance and resistance in mice exposed to CS. The benefits caused by exercise 317 training in animals exposed to CS compared with their non-smoker counter parts 318 seem to be mediated by the inhibition of inflammatory mediators and oxidative 319 stress after the period of exercise adaptation by increasing antioxidant defence 320 and anti-inflammatory mediator release. mild to severe emphysema that is compatible with GOLD I-IV (46) . In the current 328 study the decrease in pulmonary function (tissue damping and tissue elastance) in 329 the CS-exposed group after 12 weeks could be equivalent to moderate 330 emphysema. We previously reported the establishment of emphysema after 6 331 months of CS exposure (45). However, this model is time-consuming and 332
expensive. In the current study, we adjusted the CS exposure to twice a day 333 instead of once a day, reducing by half the length of experimentation; with this 334 model, we observed enlargement of airspaces after twelve weeks of exposure to 335 CS, as reported by others (25). CS exposure leads to bronchial reactivity even in 336 individuals with normal lung function (11). We found a transient increase in the 337 airway resistance (Raw) after 4 weeks of CS exposure, and exercise training had 338 no effects on this change. These results suggest that in this experimental model, 339
there was an initial inflammatory process near the airways involving the posterior 340 destruction of the alveolar walls (2, 7, 9) . 341
Beyond morphological changes (i.e., enlargement of alveolar space) and lung 342 mechanics impairments (i.e., increased lung tissue resistance and elastance), 343 emphysema is characterised by Th1-type inflammation (7, 35) . In our study, mice 344 exposed to CS showed increased numbers of total inflammatory cells, mainly due 345 to the infiltration of macrophages, which remained elevated from four to 12 weeks. 346
Macrophages releaseTh1 inflammatory mediators, including TNF-α and reactive 347 oxygen species (ROS), as observed in our study by increased lipid peroxidation in 348 lung homogenates after 12 weeks of CS exposure. 349
Aerobic exercise significantly reduced the accumulation of macrophages after 8 and 350 12 weeks of CS exposure. The accumulation and activation of macrophages in the 351 lungs contribute to CS-induced emphysema (7, 9, 35 ). In the present study, after 8 352 and 12 weeks, there was an increase in the accumulation of neutrophils and 353 lymphocytes in the lungs; these cells are also involved in the cellular mechanisms Thus, we can suggest that inflammatory mediators such as cytokines play a central 374 role in the pathogenesis of COPD (7, 8, 19, 35, 40, 45, 50) . Several pro-375 inflammatory cytokines (i.e., IL-1β, IL-6, IL-8, IL-17, IL-18, IL-32, TNF-α and IFN-γ) 376 are increased both in the lungs and systemically in COPD patients (3). Additionally, 377 the anti-inflammatory cytokine IL-10 is decreased in COPD compared with non-378 COPD individuals, due to impaired T-regulatory cell functions (41, 43) . Similarly, we 379 observed up-regulation of the pro-inflammatory cytokine TNF-α in CS-exposed mice 380 as well as a reduction in IL-10. The present study showed for the first time the time-381 course of IL-6, IL-10 and TNF-alpha expression by skeletal muscle and lungs in the 382 context of experimental COPD and exercise training. IL-6 is a myokine produced 383 during skeletal muscle contraction independent of TNF-α (19) . Notably, aerobic 384 exercise training reduced the CS-induced up-regulation of TNF-α and increased IL-6 385 and IL-10, conferring strong protection against CS-induced COPD. Of particular 386 interest, IL-6 is a controversial cytokine because some authors have claimed it is 387 pro-inflammatory while others have claimed it is immune regulatory and anti-388 inflammatory (31, 31, 34). We found that exercise in CS-exposed mice significantly 389 increased pulmonary IL-6. This finding adds new information to the topic of exercise 390 as an immune regulator and to the skeletal muscle as an endocrine organ, 391 demonstrating that exercise may increase IL-6 not only systemically but also 392 specifically in the lungs. The secreted molecules, IL-6 and IL-10, during exercise 393 could mediate these inter-organ communications and have a protective effect in the 394 emphysema development after exercise adaptation. 395
The major constituents of the gaseous phase of cigarette smoke are oxidants and 396 aldehydes that mediate oxidative stress, which has been implicated in the 397 pathogenesis of smoking-related diseases (11). Some other compounds, such as 398 acrolein and crotonaldehyde, which are also abundant in the gaseous phase of 399 CS, are the major mediators of macrophage activation (24) . 400
In the present study, we showed that oxidative stress, as reflected by increased 401 lipid peroxidation in lung homogenates, was increased in our experimental model 402 after eight and 12 weeks of CS exposure. The increase of oxidative stress, even 403 after 12 weeks of CS exposure, was followed by an increased number of 404 macrophages not only after 12 weeks of CS exposure but in all periods. A 405 previous study has shown increased 8-isoprostane in patients with COPD 406 compared with healthy non-smokers (2). Normally, beyond increased ROS, COPD 407 patients also present a reduced antioxidant capacity (14). This is true even for 408 patients presenting α-1-anti-trypsin deficiency (14, 42). We showed that CS-409 exposed mice presented increase oxidative stress and reduced antioxidant 410 capacity when emphysema was already established. Decrease in the ratio of 411 reduced GSH to oxidised GSH (GSSG) is one of the most sensitive marker for 412 evaluating oxidative stress and disease (12). It is interesting to note that 413 GSH:GSSG ratio was not only decreased after 12 weeks of CS exposure, but also 414 at four weeks of CS exposure before exercise adaptation (Smoke+Exercise 415 group). The explanation for this phenomenon can reside on two main facts: (1) 416 oxidative stress is a dynamic phenomenon, that can change during time under the 417 same challenge. In the CS group, the consumption of reduced glutathione at 12 418 weeks of training (as demonstrated by GSH:GSSG ratio) is coincident with TRAP 419 decreasing and also lipid peroxidation increasing, without enhancement of 420 enzymatic antioxidant systems, here represented by SOD. Apparently, when there 421 is no additional stimulus to antioxidant increasing, antioxidant consumption can be 422 induced after a primary lipid peroxidation stimulus without endogenous response, 423 demonstrating a worsening of lung injury; (2) on the contrary, when exercise is 424 applied in early stages of a disease, a precocious stimulus to the tissue promotes 425 positive adaptation, preventing the worsening of tissue injury. This is one of the 426 principles of adaptation of skeletal muscle during exercise (12), and can be 427 applied for other tissues. The absence of lipid peroxidation at 8 and 12 weeks on 428 the smoke-exercise group reinforces this theory. Additionally, exogenous 429 administration of catalytic antioxidants exerts a protective effect against smoke-430 induced lung injury in preclinical models (21). Recent evidence suggests that 431 regular exercise elevates the expression of antioxidant enzymes in the lungs (48). 432
The present study, highlights the importance of regular exercise training in 433 managing COPD. 434
The potential limitation of the current study was use of exclusively male mice. In 435 fact, there are a body of evidences indicating the existence of sex or gender-436 related differences regarding the susceptibility to deleterious effects of cigarette 437 smoking and clinical characteristics of COPD (4, 32, 38). However, one difficult to 438 perform experiments with female is the need to adjust the estral cycle in order to 439 avoid or exclude the interference of sexual female hormones. This is particularly 440 important in our case since the pulmonary inflammatory response as well as the 441 effects of exercise can be modulated differently by gender and specially by female 442 sexual hormones (1, 5, 35) . This issue should be addressed in future studies. 443
In summary, we have shown that after reaching physical conditioning animals 444 exposed to CS presented a protection against the emphysema development. 
